Introduction {#Sec1}
============

The discovery of the Higgs boson by ATLAS \[[@CR1]\] and CMS \[[@CR2]\] collaborations of the Large Hadron Collider (LHC) at CERN has put the Standard Model (SM) of particle physics on a firmer ground. This has led to a better understanding of the dynamics behind the electroweak symmetry breaking \[[@CR3]--[@CR7]\]. In addition, the measured Higgs decay rates \[[@CR8], [@CR9]\] to $\documentclass[12pt]{minimal}
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                \begin{document}$$W^+ W^-$$\end{document}$, *ZZ* and heavy fermion pairs are in good agreement with the predictions of the SM. Moreover, there are continuous efforts in the ongoing 13 TeV run at the LHC to establish Higgs quantum numbers such as spin and parity, even though there are already indications that it is a scalar with even parity \[[@CR9], [@CR10]\].

However, in spite of its spectacular success, it is well known that the SM fails to explain certain phenomena of the nature such as baryon asymmetry in the universe, the existence of the dark matter, the tiny non-zero mass of the neutrinos, etc. Explaining these phenomena requires one to go beyond the wall of the SM. Among the several existing models, supersymmetric theories provide an elegant solution to the aforementioned problems. In one of its simplest realisations, the minimal supersymmetric extension of the SM (MSSM), the Higgs sector contains two CP-even (scalar), one CP-odd (pseudo-scalar) and two charged Higgs bosons \[[@CR11]--[@CR18]\]. More generally, the existence of additional scalar and pseudo-scalar bosons which couple to fermions is a prediction of many models which include two Higgs doublets.

If we were to identify the lighter CP-even Higgs boson of these models with the observed scalar at the LHC \[[@CR19]--[@CR21]\], searches of other Higgs bosons become inevitable. In particular, for small and moderate $\documentclass[12pt]{minimal}
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                \begin{document}$$\tan \beta $$\end{document}$ (the ratio of vacuum expectation values $\documentclass[12pt]{minimal}
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                \begin{document}$$v_2$$\end{document}$ of the two doublets), the large gluon flux at the LHC can provide an opportunity to search for other Higgs bosons. There are already efforts along this direction by the LHC collaborations. However, the experimental searches crucially depend on precise theoretical predictions. The goal of this work is to provide precise and accurate theoretical predictions for pseudo-scalar Higgs boson production.

The theoretical predictions for the production of a pseudo-scalar particle at the LHC have been already available up to NNLO level \[[@CR22]--[@CR24]\] in perturbative QCD in the heavy top-quark limit. These corrections are large, of the order of 67% at NLO and an additional 15% at NNLO at the central renormalisation and factorisation scale $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _\mathrm{R}=\mu _\mathrm{F}=m_A/2$$\end{document}$, $\documentclass[12pt]{minimal}
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                \begin{document}$$m_A=200$$\end{document}$ GeV. To achieve sufficient precision, the inclusion of higher orders is therefore necessary. This situation is very similar to that of scalar Higgs boson production, for which the N$\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$LO contribution is now known \[[@CR25], [@CR26]\]. This is further improved by the resummation of threshold logarithms, arising from soft-gluon emissions, to N$\documentclass[12pt]{minimal}
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                \begin{document}$$^\prime $$\end{document}$ accuracy \[[@CR27], [@CR28]\],[1](#Fn1){ref-type="fn"} leading to a precise determination of the SM Higgs cross section at LHC with small and reliable uncertainty.
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                \begin{document}$$^3$$\end{document}$LO contribution to pseudo-scalar boson production in the threshold limit has been recently presented in Ref. \[[@CR30]\]. In this article, we propose a new determination of the pseudo-scalar boson N$\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$LO cross section based on the recent result at this order for scalar production \[[@CR26]\]. Then we study the inclusion of threshold resummation effects to pseudo-scalar production. We do this both in the standard formalism of direct QCD, as well as in the soft-collinear effective theory (SCET) approach. We find that the inclusion of threshold resummation together with the approximate N$\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$LO provides a significant increase of the precision for pseudo-scalar production and a marked reduction of the theoretical uncertainties. Our work extends previous results \[[@CR31], [@CR32]\] to the next fixed and logarithmic order in QCD.

The structure of this paper is the following. In Sect. [2](#Sec2){ref-type="sec"} we introduce the notations and discuss fixed-order results for pseudo-scalar Higgs production. In Sect. [3](#Sec3){ref-type="sec"} we give an overview of threshold resummation both in direct QCD and SCET, and present our strategy for the computation of the theoretical uncertainties. We describe how to construct a precise approximation of the pseudo-scalar Higgs cross section at N$\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$LO in Sect. [4](#Sec4){ref-type="sec"}. The numerical impact for pseudo-scalar Higgs production at LHC is presented in Sect. [5](#Sec5){ref-type="sec"}. We conclude in Sect. [6](#Sec6){ref-type="sec"}.

Pseudo-scalar production {#Sec2}
========================

The inclusive cross section at hadron colliders with centre of mass energy $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}$$\end{document}$ for the production of a colourless pseudo-scalar particle *A* of mass $\documentclass[12pt]{minimal}
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                \begin{document}$$m_A$$\end{document}$ can be written as a convolution$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \sigma (\tau , m_A^2) = \tau \sigma _0\sum _{i,j}\int _{\tau }^1\frac{\mathrm{d}z}{z} \mathscr {L}_{ij}\left( \frac{\tau }{z},\mu _{\scriptscriptstyle \mathrm F}^2\right) C_{ij}(z,\alpha _s,\mu _{\scriptscriptstyle \mathrm F}^2)\nonumber \\ \end{aligned}$$\end{document}$$of a perturbative partonic coefficient function $\documentclass[12pt]{minimal}
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                \begin{document}$$C_{ij}(z,\alpha _s,\mu _{\scriptscriptstyle \mathrm F}^2)$$\end{document}$ and a parton luminosity$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mathscr {L}_{ij}\left( x,\mu _{\scriptscriptstyle \mathrm F}^2\right) = \int _{x}^1\frac{\mathrm{d}x'}{x'} f_i\left( \frac{x}{x'},\mu _{\scriptscriptstyle \mathrm F}^2\right) f_j\left( x',\mu _{\scriptscriptstyle \mathrm F}^2\right) , \end{aligned}$$\end{document}$$which is a convolution of parton distribution functions (PDFs) $\documentclass[12pt]{minimal}
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                \begin{document}$$f_j$$\end{document}$ of the initial state partons *i* and *j*, and $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau =m_A^2/s$$\end{document}$. For simplicity, we assume that $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s=\alpha _s(\mu _{\scriptscriptstyle \mathrm F}^2)$$\end{document}$; computing $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ at a different renormalisation scale $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _{\scriptscriptstyle \mathrm R}$$\end{document}$ and supplying the coefficients with the corresponding logarithms of the scale is a straightforward task. The prefactor $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _0$$\end{document}$, in the case the production is driven by just a top-quark loop with mass $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \sigma _0&= \frac{\alpha _s^2 G_F}{32 \sqrt{2}\pi } \cot ^2\beta \,\big |x_t f(x_t)\big |^2, \qquad x_t = \frac{4m_t^2}{m_A^2},\end{aligned}$$\end{document}$$ $$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} f(x_t)&= {\left\{ \begin{array}{ll} \mathrm{arcsin}^{2}\frac{1}{\sqrt{x_t}} &{}\quad x_t \ge 1\,, \\ -\frac{1}{4} \left( \ln \frac{1-\sqrt{1-x_t}}{1+\sqrt{1-x_t}} +i \pi \right) ^{2} &{}\quad x_t < 1, \end{array}\right. } \end{aligned}$$\end{document}$$and it is such that $\documentclass[12pt]{minimal}
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                \begin{document}$$C_{gg}$$\end{document}$ is normalised to $\documentclass[12pt]{minimal}
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                \begin{document}$$\delta (1-z)$$\end{document}$ at LO. In this equation, we assumed a Two Higgs Doublet Model with mixing angle $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta $$\end{document}$. In the following, we shall not make any assumption on $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta $$\end{document}$, and present results ignoring the $\documentclass[12pt]{minimal}
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                \begin{document}$$\cot ^2\beta $$\end{document}$ term: the resulting cross sections can then be rescaled multiplying by $\documentclass[12pt]{minimal}
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                \begin{document}$$\cot ^2\beta $$\end{document}$ to obtain a prediction for any desired value of $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta $$\end{document}$.
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                \begin{document}$$C_{ij}$$\end{document}$ can be computed in perturbation theory. The NLO \[[@CR33]--[@CR36]\] and NNLO \[[@CR22]--[@CR24]\] QCD corrections to the coefficient functions are known in the large-$\documentclass[12pt]{minimal}
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                \begin{document}$$m_t$$\end{document}$ effective theory, and the NLO also in the exact theory \[[@CR36], [@CR37]\]. Finite $\documentclass[12pt]{minimal}
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                \begin{document}$$1/m_t$$\end{document}$ corrections at NNLO have been computed in Ref. \[[@CR38]\]. Threshold contributions at N$\documentclass[12pt]{minimal}
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                \begin{document}$$m_t$$\end{document}$ limit have been computed in Ref. \[[@CR30]\], allowing for the computation of an approximate N$\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$LO prediction based on soft-virtual terms.

In this work, we propose a new way of approximating the N$\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$LO contribution, based on the recent result for scalar Higgs production in the large-$\documentclass[12pt]{minimal}
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                \begin{document}$$m_t$$\end{document}$ effective theory, Ref. \[[@CR26]\]. This approximation turns out to be much more precise than any soft-virtual approximation, and allows us to predict the N$\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$LO cross section for pseudo-scalar Higgs production up to corrections which we expect to be small. We describe our approximation in Sect. [4](#Sec4){ref-type="sec"}, after introducing the necessary ingredients in the next section.

Threshold resummation {#Sec3}
=====================

We now turn to briefly discussing threshold resummation. In this work we consider both the standard direct QCD (dQCD) approach  \[[@CR39]--[@CR43]\] and the soft-collinear effective theory (SCET) approach \[[@CR44]--[@CR47]\]. We refer the reader to \[[@CR48]--[@CR51]\] for a more detailed discussion of the comparison between the two frameworks.

Since threshold logarithmic enhancement affects only the gluon--gluon channels, from now on we will focus on the gluon fusion subprocess, and we will thus drop the parton indices *i*, *j* assuming they are both equal to *g*. Resummation (in dQCD) is usually performed in Mellin space, since the soft-gluon emission phase space factorises under Mellin transformation. The Mellin transformed cross section, Eq. ([1](#Equ1){ref-type=""}), is given by$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \sigma (N,m_A^2) \equiv \int _0^1 \mathrm{d}\tau \ \tau ^{N-2} \sigma (\tau ,m_A^2) = \sigma _0 \mathscr {L}(N) C(N,\alpha _s),\nonumber \\ \end{aligned}$$\end{document}$$where we have defined$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mathscr {L}(N)&\equiv \int _0^1 \mathrm{d}z\ z^{N-1} \mathscr {L}(z),\end{aligned}$$\end{document}$$ $$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} C(N,\alpha _s)&\equiv \int _0^1 \mathrm{d}z \ z^{N-1} C(z, \alpha _s) \end{aligned}$$\end{document}$$and for simplicity we have suppressed the dependence on the factorisation scale $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _{\scriptscriptstyle \mathrm F}$$\end{document}$.

In *N* space the threshold limit $\documentclass[12pt]{minimal}
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                \begin{document}$$z\rightarrow 1$$\end{document}$ corresponds to the limit $\documentclass[12pt]{minimal}
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                \begin{document}$$N\rightarrow \infty $$\end{document}$. All the non-vanishing contributions to the coefficient function $\documentclass[12pt]{minimal}
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                \begin{document}$$C(N,\alpha _s)$$\end{document}$ can be computed using standard techniques developed long ago \[[@CR39]--[@CR43]\], and one can obtain the all-order resummed coefficient function$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} C_{N\text {-soft}} (N, \alpha _s) = g_0 (\alpha _s) \exp \mathcal S (\alpha _s,\ln N), \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal S (\alpha _s,\ln N)$$\end{document}$ contains purely logarithmically enhanced terms. This result, which is the standard form of threshold resummation in dQCD, has been called *N*-soft in Ref. \[[@CR27]\]. While the function $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal {S}$$\end{document}$ needed for N$\documentclass[12pt]{minimal}
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                \begin{document}$$^\prime $$\end{document}$ accuracy has been known for a while \[[@CR52]\], as it is identical for pseudo-scalar and scalar Higgs production, the constant function $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$g_0$$\end{document}$ for pseudo-scalar production was known to second order \[[@CR31], [@CR32]\] and it has been computed to third order only recently \[[@CR30]\].

Besides *N*-soft, there exist several prescriptions, formally equivalent in the large-*N* limit, which differ by either power suppressed 1 / *N* (subdominant) contributions or subleading logarithmic terms. We refer the reader to Ref. \[[@CR27]\] for a more detailed discussion. In this work, we will use the approach of Ref. \[[@CR28]\], where it is suggested to vary both subleading and subdominant contributions to estimate the impact of unknown higher-order terms. Specifically, following Ref. \[[@CR28]\], we consider the so-called $\documentclass[12pt]{minimal}
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                \begin{document}$$\ln N\rightarrow \psi _0(N)$$\end{document}$ in the Sudakov exponent and performing a collinear improvement. The resulting default prescription, $\documentclass[12pt]{minimal}
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                \begin{document}$$\psi $$\end{document}$-soft AP2) \[[@CR27], [@CR28]\], is given by$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} C_{\psi \text {-soft}_2} (N, \alpha _s) = g_0 (\alpha _s) \exp&\Big [ 2\mathcal S (\alpha _s,\psi _0(N)) \nonumber \\&- 3 \mathcal S (\alpha _s,\psi _0(N+1)) \nonumber \\&+ 2 \mathcal S (\alpha _s,\psi _0(N+2))\Big ]. \end{aligned}$$\end{document}$$The linear combination of shifted exponents implements the collinear improvement AP2, obtained by retaining the LO splitting function $\documentclass[12pt]{minimal}
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The approach of Ref. \[[@CR28]\] consists then in computing the central value of the resummation according to $\documentclass[12pt]{minimal}
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Alternatively, soft-gluon resummation can be performed in the SCET framework \[[@CR44]--[@CR47]\]. In this formalism, the partonic coefficient function $\documentclass[12pt]{minimal}
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The hard and soft functions satisfy renormalisation group equations in $\documentclass[12pt]{minimal}
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In this work, we follow Ref. \[[@CR29]\] and consider two independent variations of the SCET resummation: the variation of subleading 1 / *N* terms (corresponding in *z* space to $\documentclass[12pt]{minimal}
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The recently computed SCET hard function *H* \[[@CR54]\], together with the known soft function \[[@CR29], [@CR53]\], allowed the computation of all soft-virtual terms of N$\documentclass[12pt]{minimal}
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                \begin{document}$$(1-z)$$\end{document}$ with respect to the soft ones, and these next-to-soft terms are usually quite significant \[[@CR61]--[@CR63]\]. Therefore, the quality of any soft-virtual approximation strongly depends on the control one has on the next-to-soft contributions. Moreover, the soft-virtual approximation only predicts the *gg* channel, while other partonic channels, which do not present logarithmic enhancement at threshold, cannot be predicted. However, other partonic channels, most importantly the *qg* channel, give a contribution which is non-negligible. Additionally, including all channels stabilises the factorisation scale dependence, which is instead unbalanced when only the *gg* channel is included.

In this work we exploit the similarity of pseudo-scalar Higgs production to scalar Higgs production to provide an approximation which overcomes all the limitations of a soft-virtual approximation. Calling $\documentclass[12pt]{minimal}
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To prove the quality of the approximation, we first observe that if the $\documentclass[12pt]{minimal}
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The fact that the simple rescaling Eq. ([13](#Equ13){ref-type=""}) allows the prediction of all next-to-soft contributions is very promising: it shows that the details of the interaction other than those contained in the virtual contributions are not needed to describe the next-to-soft terms. This observation, if persisting at higher orders (as we conjecture[2](#Fn2){ref-type="fn"}), can be an important step towards the resummation of next-to-soft contributions  \[[@CR62], [@CR66]--[@CR71]\]. Note that the fact that this is true also for the *qg* channel is rather informative, as it tells that the large-*z* logarithms in this channel, which are formally next-to-soft, are encoded in the *gg* subgraphs, as they can be predicted by the knowledge of the virtual *gg* terms.Fig. 1Ratio of approximate NNLO$\documentclass[12pt]{minimal}
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The other main observation is related to the small-*z* behaviour. In the large-$\documentclass[12pt]{minimal}
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Therefore, we have found that the rescaling Eq. ([13](#Equ13){ref-type=""}), even if the $\documentclass[12pt]{minimal}
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At the next order, we do not have the exact result and therefore we cannot compare. However, we expect that the $\documentclass[12pt]{minimal}
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Alternatively, and more drastically, we could ignore the rescaling and drop all the terms in Eq. ([17](#Equ17){ref-type=""}) except the first: in this case, the ignored terms contain also leading soft and next-to-soft contributions. Hence, this variation provides a conservative estimate of the error on the approximation, as it also varies contributions (the soft-virtual ones) which are known and correctly included in our N$\documentclass[12pt]{minimal}
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Based on these considerations, we would conclude that a realistic uncertainty on our approximate result is of the order of $\documentclass[12pt]{minimal}
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                \begin{document}$$0.37\%$$\end{document}$ for the SM Higgs boson at the 13 TeV LHC \[[@CR26]\]. Since the relative size of the perturbative contributions at various orders is roughly the same for scalar and pseudo-scalar, this value applies also to our case, for the same mass. At higher masses the process gets closer to threshold, and the threshold expansion converges more rapidly and is less contaminated by small-*z* terms (which are not predicted correctly in the threshold expansion), so the uncertainty from the truncation is likely smaller. Therefore, the final estimate on the uncertainty on our result remains at the percent level.Fig. 3Renormalisation (*solid*), factorisation (*dashed*) and simultaneous (*dotted*) scale dependence for pseudo-scalar production with $\documentclass[12pt]{minimal}
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We now consider the *modified* soft-virtual (SV) approximation proposed in Ref. \[[@CR30]\], denoted as N$\documentclass[12pt]{minimal}
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                \begin{document}$$_\mathrm{(sv)}$$\end{document}$. It consists in approximating the third-order coefficient function by the threshold plus-distributions multiplied by an overall factor *z*. This approximation proved to be more powerful at previous orders, and it works better in the case of the SM Higgs. The reason can be traced back to the fact that this modified version includes some collinear contributions, as proposed in Ref. \[[@CR61]\]. Indeed, we notice that this modified SV approximation is close in spirit to the soft$\documentclass[12pt]{minimal}
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As for the SM Higgs, the fixed-order perturbative expansion displays poor convergence, especially at lower orders. In particular, the NLO correction is more than $\documentclass[12pt]{minimal}
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Nonetheless, a robust estimate of the missing higher-order uncertainty can be attained by resorting to resummation. On one hand, resummed results exhibit a better perturbative behaviour, thereby suggesting that convergence is improved when resummed contributions are included. On the other hand, variation of subleading and subdominant contributions on top of scale variation provides a more robust method for estimating higher-order uncertainty. Contrarily to the fixed order, the NLO+NLL$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^\prime $$\end{document}$ total band fully envelops the NNLO+NNLL$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^\prime $$\end{document}$ band, and the NNLO+N$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^3$$\end{document}$LL$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^\prime $$\end{document}$ and N$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^3$$\end{document}$LO$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$_\mathrm{A}$$\end{document}$+N$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^3$$\end{document}$LL$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^\prime $$\end{document}$ are contained in the NNLO+NNLL$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^\prime $$\end{document}$ band, which also cover the central value of the N$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^3$$\end{document}$LO$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$_\mathrm{A}$$\end{document}$ result. A similar pattern is observed also if only the default $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\psi $$\end{document}$-soft prescription is considered. This confirms the conclusions of Ref. \[[@CR28]\] in the context of SM Higgs production and extends them to the case of pseudo-scalar Higgs production. Similarly, we also confirm that the central scale choice $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _0=m_A/2$$\end{document}$ seems a better one, as it leads to faster convergence and smaller, yet reliable, final uncertainty.

We now analyse the impact of resummation in a framework complementary to the dQCD approach. In Fig. [5](#Fig5){ref-type="fig"} we compare the fixed-order results with variants of the resummed results obtained in the SCET formalism. We perform two different choices of the soft logarithms and we consider the effect of the $\documentclass[12pt]{minimal}
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We observe that the original formulation of SCET resummation of Ref. \[[@CR44]\] leads to a small correction of the fixed-order result, due to the choice of the soft logarithms. Furthermore, the uncertainty bands are comparable or smaller than their fixed-order counterparts, suggesting an underestimate of the theory errors. On the contrary, the impact of resummation is more significant if subleading terms are included in the form of the collinear improvement of Ref. \[[@CR29]\]. In this collinear-improved variant the bands are larger and always overlap, indicating a better perturbative stability. The inclusion of $\documentclass[12pt]{minimal}
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In Fig. [6](#Fig6){ref-type="fig"} we show the dQCD predictions for a larger pseudo-scalar mass, $\documentclass[12pt]{minimal}
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The comparison of the SCET results with the dQCD ones confirms the procedure suggested in Ref. \[[@CR28]\] as a robust and reliable method for computing the uncertainty from missing higher orders, and confirms the scale $\documentclass[12pt]{minimal}
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Conclusions {#Sec6}
===========

In this work we presented precise predictions for pseudo-scalar Higgs boson production at LHC based on a combination of fixed order at exact NNLO plus approximate N$\documentclass[12pt]{minimal}
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We then studied the effect of including threshold resummation at N$\documentclass[12pt]{minimal}
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Differently from the fixed-order results, the resummed results are very stable upon variation of the central scale, except for the size of the error band which is somewhat dependent on it. We identify $\documentclass[12pt]{minimal}
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Our results, although obtained assuming a Two Higgs Doublet Model like the MSSM for pseudo-scalar boson interactions, can be trivially extended to other more exotic models by simply changing the Wilson coefficient of the large-$\documentclass[12pt]{minimal}
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We observe that for scalar Higgs production an approximation based on soft and next-to-soft terms only is in principle not sufficient to determine the full cross section at high accuracy, neither at N$\documentclass[12pt]{minimal}
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This is not surprising, since it is known \[[@CR29], [@CR61]\] that the choice of logarithms performed in \[[@CR44]\] underestimates the full result if expanded in powers of $\documentclass[12pt]{minimal}
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